We have investigated the ionization of polymers for extreme ultraviolet (EUV) exposure. Quantum chemical calculation was performed. Upon EUV exposure to the polymer in a resist, the ionization of the polymer occurs and the secondary electrons generate. As the secondary electrons from the polymer cause the reaction of photoacid generator and the photoacid generates, the ionization of the polymer is a key for the sensitivity of resist for EUV. In this paper, the study of polymers was performed. The styrene polymer and acrylate polymer with various substituents and p endant groups were compared. We found that the electron providing substituents assist the ionization of the polymer. Protecting groups of poly(4-hydroxystyrene) decrease the ionization. It was found that the stable condition of radical cation of poly(methacrylic acid) helps the ionization of the polymer.
Introduction
In the semiconductor lithography below 22nm device node, the development of extreme ultraviolet (EUV) lithography, which has an advantage of shorter wavelength, is a major concern and is accelerated to meet actual application for device production [1] . The increase of resist sensitivity is so important to realize this lithography [2] [3] [4] .
The sensitivity of resist for EUV depends on the ionization of the polymer and the electron affinity of photoacid generator. We so far theoretically calculated electron affinity of photoacid generators and found electron withdrawing substituent enhances the electron affinity of photoacid generators [5] [6] [7] [8] .
In this paper, we have theoretically studied the ionization of polymers using quantum chemical calculation.
The Gaussian 09 calculation program based on density functional theory (DFT) was used. A high-order basis function of molecules of 6-31G polarized was applied to quantitatively calculate the molecular energy.
Upon EUV exposure to the polymer in the resist, the ionization of polymer occurs and secondary electrons generate. Because the secondary electrons from the polymer cause the photoacid generation [9, 10] , the ionization of polymer has large relationship with resi st sensitivity [11] .
During the ionization, the radical cations of polymer are produced. As the radical cations are unstable, the energy barrier between before and after ionization of polymer was calculated after the optimization of the molecular structures. Smaller energy barrier means more products of secondary electrons, which lead to the increase of resist sensitivity. The electron population analysis was also performed after optimization of the molecular structure with ionization. Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) [12, 13] were investigated to clarify the difference of the reactivity.
For the calculation, we investigated the effect of various structures of polymer. The substituents of poly(4-hydroxystyrene) and poly(acrylic acid) are studied, respectively. The protecting groups of poly(4-hydroxystyrene) and poly(methacrylic acid) are studied, respectively. The adhesion unit and the sensitization unit of poly(methacrylic acid) are studied.
The substituents studied here are amino (NH2) group, methoxy (CH3O) group or fluorine (F) atom for poly(4-hydroxystyrene) and methoxy (CH3O) group, thiol (SH) group, cyano (CN) group, nitro (NO2) group or trifluoromethyl (CF3) group for poly(acrylic acid). Figure 1 shows the chemical structures of the substituted poly(4-hydroxystyrene) and poly(acrylic acid). The protecting groups of poly(4-hydroxystyrene) studied here are ethoxyethyl group, cyclohexoxyethyl group or t-buthoxyethyl group. the protecting groups of poly(methacrylic acid), e classified protecting groups into three categories. The first category is comparison of protecting group which has the tertiary carbon atom. Figure 2 The third category is comparison of protecting group which has the ether. Figure 4 shows the chemical structures of polymer of this protecting group, which are The adhesion unit of poly(methacrylic acid) is lactone ring.
β-propiolactone, γ-buthyrolactone and δ-valerolactone are compared. Figure 5 shows the chemical structures of polymer of the lactone, which are poly(β-propiolactonemethacrylate) (BPLMA), poly(γ-buthyrolactone) (GBLMA) and poly(δ-valerolactonemethacrylate) (DVLMA). The sensitization unit of poly(methacrylic acid) is characterized as having hydroxy group. Figure 6 shows the chemical structures of polymer of such sensitization unit, which are poly(hydroxyadamantanemethacrylate) (HADMA), poly(hydroxyethylmethacrylate) (HEMA), poly(hydroxynorbornenemethacrylate) (HNBMA) and poly(hexafluoroisopropylalcohlmethacrylate) (HFAMA). Figure 7 shows the energy barrier of poly(4-hydroxy-2,3,5,6-tetra substituted styrene). It is found that the electron providing group such as amino and methoxy group makes the energy barrier decrease and the electron withdrawing group of fluorine atom makes the energy barrier increase as compared with poly(4-hydroxy styrene). Figure 8 shows the energy barrier of poly(α-substituted acrylic acid). As found in Fig.8 , the electron providing group such as methoxy group and thiol group makes the energy barrier decrease and the electron withdrawing group such as cyano group, nitro group and trifluoromethyl group makes the energy barrier increase. From Figs. 7-8, we found poly(4-hydroxy styrene) has less energy barrier of ionization than poly(acrylic acid) , which coincides with more unstable radical cations of poly(acrylic acid) [14, 15] . Figures 9 and 10 shows the decrease of electrons on substituent before and after ionization of poly(4-hydroxy-2,3,5,6-tetra substituted styrene) and poly(α-substituted acrylic acid), respectively. In both polymers, the tendency of the decrease of electrons on substituent is opposite to the energy barrier. It is thought that more electrons are produced by the electron providing group, which result in less electrons left on substituent and lead to stabilization of radical cations of polymer, or less energy barrier. It is also found that the decrease of electrons is so small on electron withdrawing groups in poly(α-substituted acrylic acid). The large energy barrier more than 200kcal/mol for these substituents is attributed to the electron population. Figure 11 and 12 shows molecular model and HOMO of poly(4-hydroxy-2,3,5,6-tetra substituted styrene) before ionization, in which the substituent is flurorine atom or amino group, respectively. As HOMO represents most nucleophilic orbital, HOMO before ionization suggests how and where the ionization reaction occurs. It is found that HOMO more spreads into oxgen atom by amino group. This means amino group more contributes to the ionization. As radical cations are stabilized by electrons [16] , it turns out that the radical cations are more stabilized by electron providing group. Figure 10 . Decrease of electrons on substituent before and after ionization poly(α-substituted acrylic acid). 104 reaction occurs. For poly(α-thiol acrylic acid), large reactivity (large vacant orbital) can be seen in thiol group. This shows thiol group contributes to the ionization by producing more electrons. Figure 15 shows the energy barrier of protected poly(4-hydroxy styrene). Ionization is suppressed by the protecting group. Figure  16 shows the increase of electrons on oxgen atom of hydroxy group before and after ionization of protected poly(4-hydroxy styrene). Less electrons on oxgen atom makes radical cations of polymer unstable, or large energy barrier. The results obtained here will lead to the decrease of acid yield, which coincides with the fact that the protecting group decreases the acid yield [17] [18] [19] [20] . Figure 17 shows the energy barrier of poly(methacrylic acid) polymers of protecting group which has the tertiary carbon atom. It is found that the tertiary carbon atom leads to smaller energy barrier by making the radical cations of these polymers stable. EADMA shows the smallest energy barrier. and 19 shows molecular model and LUMO of TBUMA and EADMA after ionization, respectively. More vacant orbital spreads over the tertiary carbon atom for EADMA. From these results, steric many carbon atoms such as adamantane more stabilize the tertiary carbon atom and contribute to the ionization. group which has the carboxylate. It is found that there is no difference between the polymer structures on the barrier energy. Figure 21 shows the increase of electrons on the carbon atom which attaches with oxygen atom before and after ionization of each polymer. It can be seen that the increase of electrons are devided to two carbon atoms which attach with two different oxygen atoms for TBUOCMMA. This suggests there becomes the side-chain radical of TBUOCMMA at these two carbon atoms. Figure 22 shows the energy barrier of poly(methacrylic acid) polymers of protecting group which has the ether. ADOMMA has smallest energy barrier in these polymers. This coincides with the energy barrier of HADMA and EADMA. Adamantane, which has steric many carbon atoms, turns out that it Figure 21 . Increase of electrons on the carbon atom which attaches hydroxy group before and after ionization of poly(methacrylic acid) polymers of protecting group which has the carboxylate produces more electrons. Figure 23 shows the increase of electrons on the carbon atom which attaches with one oxygen atom before and after ionization of each polymer. The increase of electrons of ADOMMA is characterized on the carbon atom which attaches with one oxygen atom. More electrons at the tertially carbon atom more stabilizes radical cation, which will lead to the less energy barrier. Figure 24 shows the energy barrier of poly(methacrylic acid) polymers of the lactone. It is found that the ring ester has no influence on the energy barrier. Also the barrier energy does not depend on the ring number. Though the radical cation after ionization generates at the side-chain of the polymer [15] , the ring ester does not affect the degree of ionization. Figure 25 shows the energy barrier of poly(methacrylic acid) polymers of the sensitization unit. It is found that any sensitization unit except HFAMA has smaller energy barrier. The hydroxy group as the electron providing group played the role of making the energy barrier smaller. The effect of this electron providing group coincides with the effect by the electron providing substituent. HADMA has smallest energy barrier, which will be derived from the stable tertiary carbon atom surrounded by steric many carbon atoms. For HFAMA, two trifluoromethyl groups, which are electron withdrawing groups, prevent the stabilization of radical cation. This can be explained from Fig. 26 . Figure 26 compares the decrease of electrons on the carbon atom which attaches hydroxy group before and after ionization of HEMA and HFAMA. More electrons decrease for HFAMA than for HEMA. It can be seen that the less electron condition by two trifluoromethyl groups made the radical cation unstable. The ionization of polymers for EUV resist was evaluated theoretically. Electron providing group makes the energy barrier smaller. More electrons are produced by the electron providing group, which result in less electrons left on substituent and lead to stabilization of radical cations of polymer, or less energy barrier. Poly(acrylic acid) shows more energy barrier of ionization than poly(4-hydroxy styrene), which coincides with more unstable radical cations of poly(acrylic acid). Protecting groups of poly (4-hydroxystyrene) decrease the ionization and the acid yield. Less electrons on oxgen atom lead to the less ionization.
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Effect of protecting groups
Effect of adhesion unit
Effect of sensitization unit
The various pendant groups of metacryl polymers were investigated. It can be seen that the stability of side-chain radical of the polymers is important for the ionization. Electron providing group and steric many carbon atoms can assist the reaction. HADMA as sensitization unit, EADMA as protection unit which has the tertiary carbon atom and ADOMMA as protection unit which has the ether respectively has smaller energy barrier, which leads to more ionization.
These results can be utilized for the design of the EUV resist with high sensitivity.
